General and Critical Review Format: The evolution of clinical practice and medical technology has yielded an increasing number of clinical measures and tests to assess a patient's progression and return to sport readiness after injury. The plethora of available tests may be burdensome to clinicians in the absence of evidence that demonstrates the utility of a given measurement. Objective: Thus, there is a critical need to identify a discrete number of metrics to capture during clinical assessment to effectively and concisely guide patient care. Data Sources: The data sources included Pubmed and PMC Pubmed Central articles on the topic. Therefore, we present a systematic approach to injury risk analyses and how this concept may be used in algorithms for risk analyses for primary anterior cruciate ligament (ACL) injury in healthy athletes and patients after ACL reconstruction. Main Results: In this article, we present the five-factor maximum model, which states that in any predictive model, a maximum of 5 variables will contribute in a meaningful manner to any risk factor analysis. Conclusions: We demonstrate how this model already exists for prevention of primary ACL injury, how this model may guide development of the second ACL injury risk analysis, and how the five-factor maximum model may be applied across the injury spectrum for development of the injury risk analysis.
BACKGROUND
Prediction of a healthy subject's or a patient's injury risk or outcome after treatment is useful to aid in the development of clinical interventions. Risk profiles are derived using multivariable statistical procedures to identify which aspects of a patient's presentation are independently related to a certain diagnosis or outcome. 1 To achieve significance and inclusion in the final statistical model, our hypothesis is that a predictive variable should minimally account for 20% of the outcome variation. The authors determined a priori, based on both theoretical and previous empirical findings, that an R-value of 0.4 or an R squared value of 0.2 (ie, accounts for 20% of the model variation) is our designated threshold level for clinically meaningful correlation. If this hypothesis can be validated, then a maximum of 5 variables would be used to develop a risk profile for an outcome. The evolution of clinical practice and medical technology, however, has yielded an increasing number of clinical measures and tests to assess a patient's status. The plethora of available tests may be burdensome to clinicians in the absence of evidence that demonstrates the utility of a given measurement. Inclusion of a greater number of clinical tests to improve prediction of patient injury risk or clinical outcome is also not logical when considering that the multivariable statistical model is limited to five factors.
The process of identification of risk factors, prediction of risk, and subsequent formulation of targeted treatment interventions are all critical for enhancement of patient care and outcomes. The purpose of this synopsis is to describe this empirical process, with the use of individuals at risk of anterior cruciate ligament (ACL) injury as a model system. Injury risk algorithms and injury prevention programs have already been developed for female athletes who are at risk for an initial ACL injury. Risk of a second ACL injury has recently gained attention as a significant clinical problem. However, screening for second ACL injury risk and development of preventative interventions has not been described for this population.
PRIMARY ANTERIOR CRUCIATE LIGAMENT INJURY PREVENTION
The incidence and consequences of ACL injury in young, active athletes has resulted in considerable efforts in prevention of these devastating injuries. Variables identified as contributors to increased injury risk fall into broad categories including extrinsic (physical 2, 3 and visual perturbations, 4,5 bracing, 2, 6 and shoe-surface interaction 7, 8 ) and intrinsic (anatomic, 9 hormonal, 10-12 neuromuscular, [13] [14] [15] [16] and biomechanical [17] [18] [19] differences between sexes) factors. 20 Although it is important to identify all factors that may increase injury risk, most attention is directed toward those factors that account for a minimum of 20 percent of the variability in the model, and that may be systematically and readily modifiable through targeted training interventions. For example, biomechanical and neuromuscular factors that contribute to an increase in ACL strain during provocative jumping, cutting, and pivoting maneuvers have been a focal point of injury prevention programs. Two-dimensional video has revealed common movement characteristics during ACL injury including landing with a straight knee, frontal plane knee collapse, asymmetrical lower extremity weight distribution, and lateral trunk flexion. 21 Among these variables, frontal plane knee motion and loading have been identified as extremely sensitive and specific predictors of future ACL injury. 19 Consequently, identification of movement patterns and muscle activity that contribute to the knee abduction moment (KAM) is one approach that may be used to guide the development of injury risk screening.
A laboratory-based ACL injury risk prediction algorithm has been developed. Our research team 22 prospectively tested 744 uninjured female athletes (basketball and soccer) to determine predictive mechanisms underlying increased KAM during 3 drop vertical jump (DVJ) tasks. Measures of interest were anthropometrics, maturation, laxity/flexibility, and strength and landing biomechanics. Linear regression was used to model KAM, and logistic regression was used to examine high (.25.25 Nm of KAM) versus low KAM as a surrogate for ACL injury risk. The final model identified 5 independent variables that predicted KAM, which included 3 movement biomechanical variables (peak knee abduction angle, peak knee extensor moment, and knee flexion range of motion) as well as body mass index and tibia length (Table 1) . Collectively, these variables accounted for 78% of the variance in KAM during landing. The logistic regression model that used these same variables predicted high KAM status with 85% sensitivity and 94% specificity. 22 Subsequently, clinical correlates of these laboratory measures were validated and predicted a high KAM moment with 73% sensitivity and 70% specificity (Table 1) . 23 The development of accessible, low-cost clinical tools to identify those at risk of future injury is important for developing injury prevention programs at a population level. 23 Clinical trials have demonstrated that preventive neuromuscular training programs designed to correct neuromuscular and biomechanical risk factors can be effective in reduction of ACL injury in young female athletes. Our research group 24 performed a meta-analysis to determine the effectiveness of neuromuscular training on knee injury prevention in female athletes. A total of 14 studies were included in the analysis, and results showed that there was a significantly greater knee injury reduction in females who participated in a preventive neuromuscular training program compared with those who were in a control group. 24 In a separate meta-analysis, Sugimoto et al 25 evaluated published clinical trials to evaluate types of exercise that best support ACL injury reduction in young females. A total of 14 clinical trials met the inclusion criteria, and it was shown that there were fewer ACL injuries among participants who completed injury prevention training that focused on strengthening, proximal control exercises, and multiexercise genres. The authors hypothesized that the design of these training programs ameliorated the biomechanical and neuromuscular characteristics contributing to an increased KAM and ACL injury risk. The primary ACL injury prevention model highlights the process of identification of a narrow range of variables that contribute to injury risk prediction using a multivariable regression analysis. The 5-factor model is illustrated in the framework for a clinical screening algorithm to identify at-risk individuals (Table 2) . Furthermore, identification of key risk factors has aided in the development of focused injury prevention training programs. Previous success using an injury prevention model to decrease the rate of primary anterior cruciate ligament (ACL) injury may have important applications in prevention of second injury. 26 
SECOND AND MULTIPLE ANTERIOR CRUCIATE LIGAMENT INJURY PREVENTION
Second or multiple ACL injury, whether it is an insult to the ipsilateral graft or the contralateral ligament, is a growing problem after reconstruction. Besides missing an additional year of athletic participation, increasing health care costs, and increased psychological distress, reinjury and subsequent revision surgery have significantly worse outcomes compared with those after initial reconstruction. [27] [28] [29] Among young athletic individuals, a second tear prevalence of 29% has been reported. [30] [31] [32] This is substantially higher than initial ACL injuries, which are reported to occur at a rate of 1 in 60 to 100. 33, 34 Younger athletes 32 who return to high-level sporting activities early represent the most vulnerable population. 30, 35 Both sexes are at risk of second ACL injury, with women reported as having a higher risk of contralateral injury, 36, 37 and men having an increased risk of ipsilateral injury. 27, 38, 39 Despite high second injury rates in anterior cruciate ligament reconstruction (ACLR), there is a lack of consensus regarding 
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The final laboratory model identified 5 independent variables which accounted for 78% of the variance in the KAM (ACL injury surrogate) during landing. The logistic regression model that used these same variables predicted high KAM status with 85% sensitivity and 94% specificity.
the underlying mechanism placing these athletes at increased risk of future injury. 40 The primary ACL injury prevention approach including identification of risk factors that serve as a basis for an injury prevention program is an ideal model for prevention of second injury. The challenge is identification of meaningful risk factors from the plethora of demographic data, clinical tests, movement assessment variables, and selfreport questionnaires that have the potential to provide insight into the risk of second ACL injury (Table 3) .
Risk Factor Categories Patient and Surgical Variables
Multiple surgical and patient factors have been identified as potential contributors to second ACL injury. Patient risk factors for graft rupture include being young, 39, 41, 42 early return to sport (RTS), 35 a familial history of ACL injury, 38 and an index injury sustained through a contact mechanism. 43 Surgical risk factors include a vertical graft position, [44] [45] [46] small graft, 42, 47 lax graft, 44, 48 and hamstring graft. 49 A second ACL injury sustained in the contralateral knee is associated with a young age, 45, 46, 48 returning to cutting/ pivoting sports, 38, 43 and a family history of ACL injury. 38 The use of patellar tendon grafts has also been shown to be associated with higher rates of contralateral ACL injury than hamstring grafts. 46, 48 Although it is encouraging that so many potential risk factors have been identified, there is considerable inconsistency in the published literature regarding association with second injury. 32 Furthermore, patient and surgical variables are not modifiable through training interventions. As with primary ACL injury prevention, there should be an emphasis on modifiable factors that may be mitigated with noninvasive intervention strategies, with the additional goal of returning the athlete to their preinjury activity level.
Strength and Power
Deficits in the hamstrings-quadriceps torque production ratio have been established as a key variable in the primary ACL injury risk model. 22, 50, 51 Factors that have been identified as placing an individual at risk of primary ACL injury provide an important window into underlying deficits that may persist after reconstruction. 52 Dynamic muscular control is necessary for joint stability during dynamic loading conditions such as jump landing and pivoting. Incompetent or unbalanced dynamic elements during these activities may place stress on the passive ligament structures that exceed the tissue failure point. Quadriceps dominance, which is often observed in female athletes, 20, 53 may contribute to an increase in ACL stress, as unopposed quadriceps muscle activity combined with a knee positioned near full extension may contribute to anterior tibia translation and ligament rupture. 3, 54, 55 A corresponding increase in hamstring muscle force production can counter the deleterious effects of an unbalanced quadriceps contraction by promoting joint compression and limiting anterior tibia translation 54 and frontal plane tibia motion. 56 For individuals who have undergone ACLR, muscle weakness may persist for years after surgery. This weakness, although not definitively related to a second ACL tear, may increase injury vulnerability. In addition, quadriceps strength deficits have been linked with decreased function, altered performance, and persistent movement asymmetries after ACLR. [57] [58] [59] [60] Ithurburn et al 61 evaluated 3-dimensional lower extremity biomechanics in female athletes after ACLR during single-leg drop jump maneuvers. The authors reported individuals with low quadriceps strength who exhibited more pronounced lower extremity asymmetries during landing compared with individuals with high quadriceps strength. The authors speculated compromised strength, and the resultant movement asymmetries may be a significant risk factor for second ACL injury. 61 Despite the absence of a direct link to reinjury, the broad contribution of muscle strength to lower extremity movement patterns, loading, and function necessitates inclusion in the analysis of risk factors contributing to second ACL injury.
Movement Biomechanics
Few investigators have reported lower extremity biomechanics predictive of second injury. Paterno et al 36 conducted a prospective cohort study of 56 athletes who had undergone ACLR. Bilateral, three-dimensional lower extremity biomechanics and postural stability were assessed during a DVJ maneuver before the individuals returned to sports activities that included jumping, cutting, and pivoting activities. Within 1 year of returning to sports, 13 individuals sustained a second ACL injury. Logistic regression identified 4 variables that predicted a second injury with excellent sensitivity (0.92) and specificity (0.88). These variables included uninvolved limb transverse plane hip net moment impulse, the 2-dimensional frontal plane knee joint range of motion, asymmetries in sagittal plane knee moments at initial contact, and involved limb postural stability (Table 3) . 36 The strongest predictor of second ACL injury was uninvolved limb transverse plane hip net moment impulse during the initial 10% of landing, with an area under the ROC of 0.81 and both high sensitivity (0.77) and specificity (0.81). 36 The impulse during the initial 10% of stance was representative of a net hip internal rotator moment in the participants who sustained a second ACL injury compared with a net external rotator moment on the uninvolved limb of participants who did not incur a second ACL injury. Greater hip external rotator moments may act to restrain hip internal rotation motion during this phase of landing. 36 Proximal hip control is critical for promotion of optimal knee position. Although dynamic knee valgus has been identified as a strong predictor of ACL injury, 19 this position represents a multisegment, multiplanar combination of rotations and translations that include hip adduction, hip internal rotation, knee flexion, knee abduction, and tibial rotation. 19, 62, 63 In cadaveric models, this knee position has been shown to increase ACL 
Involved limb postural stability deficits
Logistic regression identified 4 variables that predicted a second ACL injury with excellent sensitivity (0.92) and specificity (0.88). 36 strain. 56, 64 It is therefore not surprising that compromised proximal hip control in the transverse plane was the strongest predictor of second injury. Paterno et al stated their findings were consistent with previous studies describing altered movement patterns and impairments either predictive of initial ACL injury in an uninjured population or demonstrated by patients after initial ACLR. 19 The authors did caution however, that future investigations would be necessary to determine independent risk factors for both ipsilateral graft failure and contralateral ACL injury, as different factors may contribute to each of these injures.
Proprioception, Kinesthesia, and Balance
Injury to the ACL has been shown to lead to deficits in proprioception. Attempts to establish whether restoration of the ACL by surgical reconstruction can reverse such deficits have led to conflicting results. In general, longitudinal studies of ACL reconstructed patients tend to show improvements in joint position sense and the threshold to detect passive movement over time. [65] [66] [67] [68] However, as it is difficult to relate such findings to a sporting context, another approach to evaluate proprioception has been to use tests of neuromuscular function which test not only proprioception but also the muscular response. These measures have tended to show that ACL reconstructed patients have deficits in proprioception and postural control that persist over time. A systematic review that attempted to summarize the evidence determined that there are subtle, yet significant, impairments in postural control in patients after ACL reconstruction when compared with healthy controls. 69 The deficits seemed to be greater when the postural task used was more dynamic or challenging that is using unstable platforms or perturbations. This is relevant for the prevention of second ACL injury as most secondary injuries occur during sports participation in a setting of dynamic movement. Research which further shows postural stability to be a contributing risk factor for a second ACL injury further supports its inclusion in the analysis of risk factors contributing to second ACL injury. 36 Rehabilitation programs for patients who have undergone ACL reconstruction typically include exercises that are directed toward improving neuromuscular function and coordination and are often loosely referred to as "proprioceptive training" exercises. Overall, there are mixed results of programs which incorporate such exercise compared with those which do not with some showing improvements in outcomes 70 and others showing they have limited effectiveness. 71 
Psychosocial Status
Mental status is gaining increased attention as a significant variable that influences an athlete's ability to return to preinjury sports activities after ACLR. The Tampa Scale for Kinesiophobia (TSK-11) is an 11-item questionnaire designed to capture an individual's pain-related fear of movement/ reinjury. This psychosocial measurement instrument has been widely used to capture mental status after ACLR in an attempt to identify barriers to a return to preinjury sports participation. Lentz et al 72 captured physical impairment, self-reported function, and psychosocial status in 46 patients at 6 months and 1 year after surgery. These authors reported elevated painrelated fear of movement/reinjury, quadriceps weakness, and reduced IKDC scores distinguished patients who were unable to return to preinjury sports participation because of fear of reinjury/lack of confidence. Lentz et al 72 proposed that these measures may be useful for identification of patients at risk of poor sports participation outcomes after ACLR.
The Anterior Cruciate Ligament Return to Sport after Injury (ACL-RSI) scale measures psychological readiness to RTS after ACLR. Two large scale studies have shown that the ACL-RSI scale can be used to predict RTS outcomes. The first enrolled 100 athletes who completed the ACL-RSI at 3, 6 and 12 months after undergoing ACL reconstruction surgery. 73 Scores on the ACL-RSI at 6 months were significantly lower in the athletes who did not successfully return to their competition sport at 12 months compared with the athletes who did RTS. Therefore, an athlete's readiness to RTS at 6 months after ACL reconstruction surgery was related to whether or not they actually returned at 12 months. This result suggests that it may be possible to identify athletes at risk of not returning to competitive sport because of psychological reasons.
The second and larger study of 187 patients administered a battery of psychological assessments, including the ACL-RSI scale, before ACL reconstruction surgery, as well as 4 and 12 months after surgery. 74 Three variables, psychological readiness to RTS, the participant's estimate of the number of months it would take to RTS, and locus of control predicted returning to sport by 12 months after surgery. Psychological readiness, as measured by the ACL-RSI, was the only variable to be predictive of RTS at both preoperative and 4 months measurements. Therefore, this study showed that even before the participants underwent surgery, their psychological responses were associated with their chances of returning to the preinjury level 12 months later.
It is unclear how psychosocial status may influence the second ACL injury. One possibility is that individuals may be overly confident in their physical abilities at the time of RTS. However, despite growing awareness of the importance of fear of reinjury and lack of confidence on RTS outcomes, psychosocial status is not routinely included in the RTS decision-making process. Assessment of this metric may provide insight into identification of individuals at risk of a second ACL injury.
Return to Sport Criteria and Testing to Prevent Second Injury
Within these risk factor categories, there are a multitude of variables and test measures that may identify individuals at risk of a second ACL injury. Focusing on the goal of returning athletes to their preinjury activity level and prevention of the second injury, the clinical challenge is applying the five-factor model to guide patient management. There has been a rapid growth in the number of studies that document "return to sport (RTS) criteria" after ACL reconstruction. Within this group of studies, it is possible to draw a distinction between those which incorporate such criteria into phased rehabilitation programs that aim to specifically target deficits known to be associated with second ACL injury compared with those which use a test battery to "clear" the athlete for RTS.
Phased rehabilitation programs aim to incorporate many of the above discussed risk factors which are thought to contribute to the second ACL injury. Neuromuscular impairments have tended to be a large focus of these programs that emphasize the importance of achievement of limb symmetry before an RTS is allowed. Such programs have clearly defined criteria both in terms of the criteria used and the minimum level of performance required for the patient to move between phases and ultimately resume sports participation. 75 Overall, criterion-based phased rehabilitation programs for RTS after ACL reconstruction surgery have good face validity, as they are based on sound theoretical underpinnings and have clear performance criteria. They do, however, require resources, and as yet there is little evidence to show that they mitigate against a second ACL injury; such evidence is of course challenging to obtain.
There has been a noticeable growth in the number of studies that published a test battery of RTS criteria over recent years. Such criteria are typically used at the final phase of rehabilitation with the notion that athletes who "pass" are "cleared" to RTS participation. Although the use of a test battery of RTS criteria can been seen as an important step in the attempt to reduce the risk of a second ACL injury, it is not clear whether such criteria are designed to determine whether the athlete is capable of returning to play or whether they are designed to determine whether it is safe. Strength and hop tests have been common tests of function which have been used assess an athlete's readiness to RTS after ACL reconstruction surgery. A good argument can be made for such functional tests to aid in the RTS decision-making process based on recent data which show that clinical examination results do not seem to be related to functional ability. Specifically, patients who were cleared to RTS based on examination findings were still at significant risk of lower limb injury based on results from functional testing. 76 This mismatch is important to decide on what criteria and which tests to use.
Perhaps because of a lack of clear evidence as to what the most salient risk factors are for the second ACL injury, the most recent studies attempt to cover a broad range of risk factors and propose a substantial battery of tests with up to 15 to 20 different tasks. 77 Of relevance is that few patients actually pass such a test battery. Hebst et al 78 reported that only 17% of their patient group passed all criteria to return to noncompetitive sports, and only one patient passed the criteria for return to competitive sport at approximately 9 months after ACL reconstruction surgery. Gokeler et al 79 similarly showed that only 2 of their 28 patients passed all the criteria of their test battery at 6 months after surgery. Perhaps data such as these indicate that test batteries have become too broad and that we should focus on fewer but key risk factors for reinjury, anything greater than 4 to 5 factors is likely unnecessary.
It is worth noting that although the term criteria are typically used, many studies suggest RTS tests without reference to specific cutoff values to denote pass or fail. Indeed setting cutoff values for RTS criteria is somewhat subjective, and there are relatively little data to indicate whether those who do not meet criteria actually fare worse. Two recent studies have attempted to address this. The Delaware-Oslo research group 80 used a RTS test battery that consisted of isokinetic quadriceps strength testing, 4 singlelimb hop tests, and 2 self-report measures to assess the association of these measures with subsequent knee injury. Although not specific to the second ACL injury, 2 relevant findings emerged. First, only one in 4 patients passed the RTS criteria and second, those patients who passed the criteria had fewer reinjures than those who failed the criteria. Of the various RTS criteria that were used, having regained more symmetrical quadriceps strength was associated with a reduction in reinjury risk.
In a recent cohort of professional male athletes, 6 RTS tests (isokinetic quadriceps strength, 3 hop tests, timed running t test, and on-field sport specific rehabilitation) were used to clear the athlete to return to team training. 81 Results showed that not passing all the 6 criteria was associated with a 4 times greater risk of ACL graft rupture. Hamstring to quadriceps strength ratio deficits were also associated with an increased risk of graft rupture, with a 10 times greater risk for every 10% difference in strength. Although these studies show some promise in using RTS criteria to reduce the risk of both an ACL graft rupture and knee injury in general, there is clearly a need for additional data to establish whether the ability to resume sport, either effectively or safely, reflects having met the various RTS criteria which have been proposed and whether such criteria can be consistently applied to reduce the risk of a second ACL injury.
CONCLUSIONS
Current primary ACL injury prevention models illustrate utilization of 5 variables to predict the risk of injury. Development of second ACL injury risk models is underway. Despite the plethora of clinical tests that have been developed to assess patient progress and RTS readiness, preliminary studies have identified 4 variables from a finite pool of measures associated that are associated with second injury. Thus, the data indicate a maximum of 5 variables should be used to develop a risk profile based on the proposed five-factor maximum model. This model will provide a guideline for future investigations in development of injury prediction. Model development of logistic regression prediction:
A maximum of 5 variables should be used to develop a risk profile based on the proposed five-factor maximum model.
This novel approach will provide a guideline for future investigations in development of injury prediction.
